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STATUS OF RECENT AIRCRAFT BRAKING AND CORNERING RESEARCH 

Sandy M. Stubbs and John A. Tanner 
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SUMMARY 
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In an effort to enhance the safety of aircraft antiskid braking and 
steering systems under adverse weather conditions, NASA Langley Research 
Center is currently conducting two parallel research programs. One program 
is an experimental study of antiskid braking systems and the second program 
is the development of an aircraft ground handling simulator. 

Two antiskid systems have been investigated to date: the first was an 

older velocity-rate-controlled system and the second was a more recent system 
designed to operate at a constant slip ratio. Initial results indicate that 
for both systems there was a rapid deterioration in tire cornering capability 
with increased braking effort, and the braking performance was degraded on 
wet runway surfaces. As expected, however, the braking performance of the 
newer antiskid system was shown to be somewhat better than that of the older 
system on both dry and wet surfaces. 



The adequacy of a simulator hardware /software program to represent air- 
craft ground handling characteristics has been evaluated for a wide variety 
of operational conditions during demonstration flights made by several experi- 
enced test pilots. Based on their recommendations, some changes are currently 
being made to improve the simulation capability before it is implemented at 
Langley Research Center. 


INTRODUCTION 

Operating statistics of modern aircraft indicate that the antiskid brak- 
ing and steering systems used on these airplanes are both effective and 
dependable. The several million landings that are made each year in routine 
fashion with no serious operating problems attest to this fact. As aircraft 
avionics improve, however, the number of adverse weather landings also 
Increases and thereby Imposes greater demands on aircraft braking and steer- 
ing systems. If compromises in the safety of aircraft ground operations are 
to be avoided, the performance of these braking and steering systems under 
slippery runway conditions must continue to improve. 

In an effort to meet this need, NASA is currently conducting two parallel 
research programs. One program is an experimental study of the performance of 
several different aircraft antiskid braking systems under the controlled con- 
ditions afforded by the Langley aircraft landing loads and traction facility. 

The second is the development of a motion base aircraft landing ai.J take-off 
simulator program which, when completed, will be implemented at Lanp.ley for use. 
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among other appUcations , as a n.'soarcli tool to study aircraft braking and 
steering operations under adverse weather conditions without risk to aircraft 
and flight crew. 

The purpose oi tliis paper is to present findings to date on the antiskid 
research program and to describe briefly the ongoing development and status of 
the aircraft landing and take-off simulator program. 


.' NTISKID BRAKIKC RESEARCH PROGRAM 
Objectives 

The objective of the antiskid braking research is to find the sources of 
degraded performance which sometimes occur under adverse runway conditions and 
to obtain data necessary to the development of more advanced systems in an 
effort to Insure safe ground handling operations under all-weather conditions. 
Secondary objectives are to acquire tire-to-ground friction characteristics 
under braking conditions which closely resemble those of airplanes under heavy 
braking and to relate braking data from single— wheel landing loads track tests 
with those available from full-scale flight tests. 


Apparatus 


Test facility .- The antiskid tests are being performed at the Langley air- 
craft landing loads and traction facility utilizing the test carriage shown in 
!• Figure 2 is a photograph of the DC— 9 tire wheel and brake assembly 
used in the test program mounted on the instrumented d3niamometer which measures 
the various axle loadings. DC-9 equipment is being used because of the avail- 
ability of flight test data from nn earlier DC-9 program. The tire is a 

40 X 14, type VII bias ply aircraft tire of 22 ply rating and both new and 

bread conditions are being investigated. The 3b5-m runway has a smooth 
concrete surface and tests art being conducted with the surface under dry, 
damp, and flooded conditions. With the exception of transient runway friction 
tests, the entire runway is maintained at one uniform surface wetness condition 
and antiskid cycling generally occurs for approximately 300 m. 

Skid control systems .- To date, a veloci ty-rate-controllcd , pressure-bias- 
modulated, skid control system, hereafter referred to as system A, and a slip 
command system, hereafter referred to as system B, have been investigated. 

System A is of interest in that it is a relatively early skid control technique 
(about 10 to 15 years old) but one that is still in widespread use on many com- 
mercial and military aircraft. System B is a more recent design based on main- 
taining the braked wheel at a constant slip ratio > hile inking tlie nose wheel 

speed for a reference speed Input to compute that ratio. Both antiskid control 
systems used the same hydraulic components and line lengths for a single wheel 
of the dual-strut four main-wheel, McDonnell -Douglas DG-9 series 10 airplane. 
Schematic diagrams of both systems are shown in figure 3. Pressure from a . lly 
open pilot metering valve (to exert maximum braking) is regulated by tlie anti- 
skid control valve and is fed to the- brake. For system A (fig. 3(a)), braked 


258 


wheel speed is fed to the antiskid elet:tr<mlc rontrol hn>; whiih ■ ru’ < • > I ho 
change in angular velocity (acceleration) of tju* hrakoi! wlu*o] .m*l junor/uos a 
voltage to the control valve that Is a function of tlu‘ r ami dojOh oj 

previ(ms skids. The antiskid control box of systi'tn W (\ on tin* <aher 

hand, compares the speed of the braki’d wIjcl*! witli that oi tlm unbT.ifo'l nost* 
wheel and generates a current to the contrt'I valve to niaini.iin I'ns^suro sulfi- 
dent to control the braked wheel at 15 percent si Ip with la spool lo tin* nnhrakcd 
nose wheel • 


Test Results 


Antiskid response Typical time histories of par.imot t*rs v*hich illustrate 
the nature of the response characteristics ot the two auliskid svsli’ms aro 
presented in figure 4, These parameters include the wheel speedy -^kid signal, 
brake pressure, and drag-force friction coefficient, and serve ti> siiow the 
adaptive characteristics of the antiskid systems as thev (.*x]a. r ienm* an abrupt 
change in runway friction. At the start of the test, for system A (fig* 4(a)), 
the tire is operating on a dry runway and when a pressure of 20 MPa is applied 
to the brake, the drag friction coefficient developed between the tire and the 
runway increases to approximately 0,65, Approximately 3,5 secamds into the 
test, the runway condition changes abruptly from dry to floiul(»d and the wheel, 
still under heavy braking. Immediately enters into a deep skid wliicli pn)duces 
a full skid signal to the antiskid control valve. The valve, in turn, reduces 
the brake pressure to allow spinup of the braked wheel, blien tlu» wheel spins 
up to free rolling speed, the skid signal drops but not completely and allows 
brake pressure to be reapplied at a reduced rate which is result of the pres- 
sure bias modulation circuit of system A, Five subsequent cvclf^s ensue on the 
flooded surface as the system allows the pressure to build up to preduce a skid 
and then decrease to permit wheel spinup. The inability of systen' A to prevent 
these deep skids on a flooded runway is attributed, at least in part, to tue 
fact that the brake torque capacity greatly exceeds the r(.‘sisting tlrag force, 
to the low spinup torque available on wet surfaces, and to the 40 ms response 
time required for the antiskid system to react to abrupt ch jnges in \/heel speed. 
The response time delay appears to be the result of electronic lags in the anti- 
skid control box which occur when the wheel speed ac sign.il is ct)nverted to a 
dc voltage that is supplied to the antiskid control valve. 

The test with system B, presented in figure 4(b), also ^diows •» loiildup in 
friction coefficient on the dry surface with brake appliiMtion, In Lliis test 
the dry surface was sufficiently long for antiskid cyc-Iing If o.s or , Vi^tc that 
the high-frequency oscillations in wheel speed correspond lo' skid signals atnl 
brake pressure releases and result In a fairly uniforv* dr f rc‘* )riili"n 
coefficient. At approximately 6,2 seconds , th.‘ rum^ay corn’ll m'u rbomos ;d»ruptlv 
from dry to flooded and, as a result, the wheel enters a deep skid. ibis deep 
skid produces a full skid signal which reduces the brakv' psa ano [• mar .-a r*. 
After the initial transition, system B control‘s the br.il e | n a om 'a r\ voM, 
prevents further deep skids, and, most importantly, tno i u t a i o ■ a i i I aonstant 
drag coefficient. 


Typical tire frictional response to antiskid br.ilini’ <*n dr avd 
runway surfaces is presented in l igure S where the drar- lo' i • - 
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: coefftclentB fur the tire yawed t o and o|)^‘rat /it a nominal apeed of 

\ l\ 75 knotB are plotted an a funi tioii nj wlu*rl »:! Ip r/itiu, A nllp ratio of 0 cor*” 

i i responds to a freely rolling wlua*l and a si Ip ratio of I corresponds to n locked 

wheel skid* ihe data f»reaeiiLod In ihc 1 l)»urr v/j.m r g(*nt*r/ited by system A and 
I Illustrate the cyclic naturr* ol tho lrl» Mon drvelopcnl during antiskid braking 

! control* The classical |i slli* fuitvi^ (lad . \) is /i sm oth curve that reaches 

I a peak somewhere between 10 pi rcent ;md ;io porcint slip (p denotes friction 

; ;i coefficient)* These data show tliat uml(‘r realistic conditions, however, the 

'I curve is not smooth because ot runway tuupjuu*ss, flexibility in the wheel sup— 

' .i which would be reflecljd In tlie uieasurc'd drag and side forces, variations 

; the runway friction character 1st icc> , aiid the spring coupling between the 

I wheel and the pavement provided by tlie tJre* Tlie data in the figure Illustrate 

the traction losses assoc ici ted with llcjuded runway operations* For example, on 
! ^ the dry surface the maximum drag-force friction coefficient reaches approxl- 

; mately 0.6 but on the flooded surface It never exceeds 0.2* A similar loss Is 
i i: noted in the developed side-force friction coefiicient when the surface is 

J j flooded* The figure also demonstrates the rapid deterioration in the tire ror- 

nerlng capability with increased braking effort* For example, at a slip rrtio 
I !r only 0*3, the side— force friction coefficient had decreased approximate ly 

: 60 percent on the dry runway and to negligible values on the flooded runWiy* 

■ •» 

1 ;i Antiskid per fonpance .— A measure of the antiskid performance can be obtained 

r r from the ratio of the average drag-force friction coefficient developed by the 

U system to the average maximum available drag-force friction coefficient developed 

tire/pavement interface. This ratio, called the braking performance ratio 
. V purposes of this paper, is presented In bar graph form for systems A 

i '; and B in figures 6(a) and 6(b), respectively . 

\ - 

i ^ The values in this figure are the numerical averages of all the data for 

• ^ given test condition j for example, the bar graph for the dry surface In 

; b(a) is the average of all dry runs at regardless of speed, vertical 

I force, tire configuration or system pressure. For system A, the average perfor- 

; • mance ratio on a O^y surface is showi to increase with increasing yaw angle and 

; f tire vertical force and to decrease when a new tire was replaced by one with 

r.^ 1^0 tread* On the wet runway surfaces, the average performance ratio 

I also decreases with a worn tire and incrt:ases with tire vertical force* There 

; was no conclusive trend In braking perfornuince at yaw angles of 3^ and 6^ but, 

! V: general, braking performnucc was not apprc^ciably degraded by yaw angle; thus, 

h; braking characteristics can bi* expected to l>e good during crosswind opera- 

: tions. For system A tlie best braking pcrfuinumce was obtained with a new heavily 

; ^ loaded tire running on a dry surlacc. in g.^neial, similar trends were noted 

I with system B (tig. 6(b)). As expected, tliis newer system exhibits higher 

I.. * performance ratios for every Lest condition, but both' systems consistently have 

I ; reduced performance ratios on slippery suriaces. Tims, the stopping capability 

i n potential of an airplane on a wet ium;av s.urlaci‘ is hampered not only by the 

; . reduced friction level but also by the itiibility of the antiskid vsystem to 

! ' effectively take advantage ui the Iriction available. 
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AIRCRAFT LANDlNfl AIJU TAKi>OFF SIMffLA'n)R nKVFLOPMKMT 


Ona of thu appllcntlonn ui tlu‘ tintn i rnni tin* <iut;Ij»l<lU hraMnp. n-'Hi arch 
program 1 h to provtdo Inputn noL’ojuiary tu tho dcv<‘)upm<»nt oi landing, ami takt*’- 
off simulation tuclmology. Tlu following p/ir/u»r/iplm dliunwn* tlm |)arFf»ri)und * 
current ntatun, an weil an llio plaun for and appl loatlonn ol thin <lovo 1 opnit^nt . 


lhacligruund 

It is common knowledge that the ground opiratlon nafely marglnn ol aircraft 
are reduced by combinations of such factors as slippery runways, the presence 
of crosswinds, poor pilot visibility, excessive tom hdown veh)cily, and equip- 
ment malfunction, among others* Full-scale tests can be used to explore the 
braking capability of an airplane by simply noting the distance required to 
bring the vehicle to rest from some preselected ground speed* The directional 
control capability cannot be evaluated through full-scale testing because such 
tests would compromise the safety of the airplane and crew and because of the 
unpredictability of the key ingredient, the surface winds* In an effort to 
acquire the capability to safely explore aircraft directional control and brak- 
ing performance under any runway environment, a major research program was 
recently undertaken to explore the feasibility of expanding current flight simu- 
lation technology to include the complex interact loiiv*^ between the runway and 
the landing-gear system* Such an expansion would require a definition of the 
runway environment (including surface cro\^i and roughness), the magnitude and 
direction of crosswinds, tire/surface friction levels (including the relation- 
ship between braking and cornering), airplane characteristics (landing-gear 
dynamics, brake system behavior, and the contributionvS from reverse thrust and 
auxiliary braking devices), and a good runway visual scene* 


Current Status 

The initial simulation involved the F-4 airplane wliich was chosen because 
of the considerable amount of available tire traction data on the airplane from 
landing loads track tests and full-scale braking tests* A photograph of the 
motion base simulator used in the program development is given in figure 7* A 
typical time history of a simulated F-4 landing as performed by one of the test 
pilots on an icy runway is presented in figure 8* For this test run, the pilot 
touched down at approximately 125 knots in an 8 m/sec crosswind after negotiating 
a somewhat higher crosswind during approach* Fhe figure slu'ws the rollout 
behavior of the airplane which incltided some ratlier substantial lateral excursions* 

The results of the feasibility study with tlie F-4 airplane wore sufficiently 
encouraging that the development was extended to include the IH'-'J Jet transport* 
Table I is a summary of the piK't assi\ssment c’f the i’-4 anu the ))(>U simulations 
during approach and touchdown, lamling rollout, and aborted take-<d f demonstra- 
tions* Thus far, 348 simulator demonst rat ion runs witli six different pilots 
have been conducted with the F-4 and 180 runs with two pilots with the DC-9* 

Table I presents comments i'rom. two pih'ts in each airplane durin)\ tlie most 
recent demonstrations. Ttu'se runs demon:;t rated the nei>d lor airplane deceleration 
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ciu'S ( Lli'.' rurtfii' mot ion— b/iM'-'d siriuijator Iuik fivo o| 1 1 (.'t-dom .'itid fore— 

.•iikI-.iH motion i:. not among them), n cockpit onv i ronminit closely allied to the 
.■lirplanc hrini; examined (both tiic F-4 and the |)C-9 s imu l;it ions were performed 
iMi an !' 4 s i mn I alo r) , and pood visual scene simnlntinn (some difficulty was 
experu'uced in peltinp the terrain map translat.'r to tiie propei simulated eye 
levf! lor I'otl' airplanes). 
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tUirrtiJt p!au^' in tlu* .nrcralt landing and tal.c-t d* 1 simulat ion program 
Incltuk* furtlioring, under contract, the Jevelopmonl of Uk* transport simu- 

lation* Tills t‘>a.i*nsion calls lor the u o of a transport coefpit on a motion 
base simulator with six degrees of Ireedom, and the incorporat i('n of antiskid 
brake s vs tom s iin-.il.at ic'in with hard.vare as ne»‘ded. It* is alsn planned to imple- 
ment this simulator capability at Langley Research f'enler liv starting with the 
nC-9, sincf the simulator tecimology for that airplane exist?;, ard then expand- 
ing to .a gi iie ra 1 i Xt*d model to at'cotuiuodate tlu* sii::ulat loii itf a '*ai iet\ of <iir— 
craft. Sucli a simulation would provide a risoaroh tool f, r evaluating, in 
p rfect safety, fac tors v;Itic*‘ influence tlu* ground luiiuH ing. perlorman.t' of an 
airc:rait uy to and beyond its normal operating limits, 
studies to evaluate aiuralt design concepts (that is, 
brake, /uui antiskid modi f i cati ons) . In addilii'n, an al 
simulator kould be used to estaMisli sale opi-rational ‘ 
plapu* aiul runway ci»mb i na ti ons and to uptimixe palot 
runwa V ('on<l it ions. 
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research at I>ang, ley Research C.euler. Iv,o anti:- 1 i li : 

dato and tiio dc-graued performance noted c*u slipi'orv rtura.o. 
electronic lag,'-, 1 (>w wheel .spinup lorces, and tc ; i g.b ’Male 
relative to the resisting drag fuice. Antiskid pe rU'-rr'-an-. • 
a In/avy loading condition with a iu;v; tir< on a .Irv lunv.’a.'* 
and take-off simalatur program has been written te ■-•do’' 
tional. contn.'l pn'blems on slippery runways is t’-- pr. . n- » 

Initial runs in a,n aircraft landing and take-oii i mu ’a t i oi 
to be quite pnmiislng and the development is bein)- oxp.indv ‘ I'- incitrU* a trans- 
port cockpit utilixirg a six degrees of freedom med ion : a^. ■- • ;-u I at o x- with the 

addition o\ .atitiskici brake action and an iniprovid visual s,rno. A simulator, 


ft landing 
. t i r< r 1 J t d i rec- 
r- •:u-w i nds * 


■roraain appeared 


g,eneral Iro'! lo ataairimoda te a var,K:t^/ 
at hang, Um' Feseandi Center. 


of al Vv iMi I , > s ';rlu'«iu ’ ' 


i natal led 


ij:ri:id:::ci: 


M'ot, i'lbirt C.; and Yager, Tluniia:-; d.: Triilii'ii (hai ait - i!;-ti*s ol 

.,() ■ , , ^ ’yp<’ Vi 1 , Aircrafi Tires constructed h , 1 n u.iieroal .road 

' r‘ i V,.. .mmumIs. NcSA TK H-S232, l9/h. 


TABLE I 


PILOT EVALUATION OF SIMULATOR DEMONSTRATION RUNS 


SIMULATION 

APPROACH AND 
TOUCHDOWN 

LANDING ROLL-OUT 
DIRECTIONAL CONTROL 
BRAKING RESPONSE 

ABORTED TAKE-OFF 
DIRECTIONAL CONTROL 
BRAKING RESPONSE 


F-4 AIRPLANE 

PILOT A 

PILOT B 

GOOD 

GOOD 

GOOD 

FAIR 

GOOD 

FAIR 

GOOD 

FAIR 

GOOD 

FAIR 




DC^ AIRPLANE 
ILOT C 1 PILOT D 


GOOD 


FAIR 

POOR 

FAIR 

POOR 


FAIR 


GOOD 

GOOD 

FAIR 

FAIR 


“ d > :■ 











SUPPLY 

PRESSURE 



(a) System A. 
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(b) System B. 

E’iguru 3.- Skid control system. 
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(a) Brake system A; 0° yaw; 79.2 kN vertical load; 20.7 MPa brake supply 
pressure; new tread; 49 knots nominal carriage speed. 
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(b) Brake system B; 0° yaw; 83.2 kN vertical load; 19.0 MPa brake 
supply pressure; new tread; 41 knots nominal carriage speed. 


Figure 4.“ Typical antiskid system responses to transient runway conditions 
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PRESSURE BUILDUP 



Figure 5.- Brake system A friction coefficients during cyclic brakln* 

6® yaw; 78.3 kN nominal vertical load- 20 7 MP« ^ 

new tread; 75 knots nominal carrlagrspeed! pressure; 





Figure 7.- Motion base s iine, I .it '>r 



UrLKAl 
OFFSn. ni 



,_i - L. . 



CROSSWINl', 



Fi(',uie F. , - I -A ciitpl.ini l.iniiinr > r. i' 



